The recent paper by Kahros and Schwartz, "Going beyond the frozen core approximation: Development of coordinate-dependent pseudopotentials and application to Na 2 + ," 1 contains important omissions and inconsistencies, therefore we feel obliged to draw attention to the following points:
(i) In their motivating central assumption that "all pseudopotentials, whether developed exactly or empirically, are subject to the frozen core approximation (FCA)" Kahros and Schwartz (KSch) fail to notice the progress achieved in pseudopotentials some 30 years ago. Up to the early 1980s the FCA has been a stumbling block and an unresolved dilemma in the development of reliable pseudopotentials, which needed an additional basic anchor in quantum theory. The FCA generally causes deviations in bond energies and distances, in particular for molecules containing highly polarizable atomic cores, e.g., K 2 + , or K 2 . [2] [3] [4] Subsequently, however, coordinate dependent pseudopotentials have been properly introduced and successfully demonstrated precisely on Na 2 + and K 2 + along with other molecular ions.
2, 3
The basic tool in generating coordinate dependent pseudopotentials has been provided by the corepolarization potential (CPP), V pol (r, R), introduced in the seminal work of Meyer and co-workers. 4, 5 Here r and R represent the electronic and the nuclear coordinates, respectively. The appropriate V pol (r, R) may be incorporated into any pseudopotential, whether semiempirical or not. For pseudopotentials the inclusion of CPPs not only corrects for the FCA errors at the HartreeFock (HF) level but also accounts for the core-valence correlation.
2, 3, 6-10 The CPPs do not require molecular fitting; they use transferable parameters based on atomic data (experimental or ab initio ones) and describe non-frozen-core effects in a physically well motivated coordinate-dependent form. Early applications yielded a high-accuracy description of non-frozen-core effects, for instance, in alkali and coinage metal dimers, their hya) Electronic mail: stoll@theochem.uni-stuttgart.de b) pfuentea@hotmail.es c) laszlo@theochem.uni-stuttgart.de drides, and their cations. 2-4, 6, 8 In addition, atomic properties incorrectly described within the FCA were accurately calculated, as first shown for the dipole polarizabilities of alkali, coinage metal, and alkaline-earth atoms. 5, 7 Subsequently, the coupling of the CPPs with atomadjusted frozen-core pseudopotentials has been amply reported and reviewed in the literature of the last 30 years. [9] [10] [11] [12] [13] (ii) The new results for Na 2 + by KSch are definitely inferior to the above-mentioned older results, since the corevalence correlation effects included in the older work are not considered in their HF treatment. KSch claim that their "method completely takes into account polarization effects on the core molecular orbitals and how these effects change with a change in the nuclear coordinates." 1 This claim, however, cannot be upheld. Specifically for Na 2 + , the contracting effect on the valence orbital due to the dynamic polarization of the cores is mainly responsible for the bond-length reduction beyond FCA. 4 It is much larger than the HF frozen-core error, which is exclusively treated by KSch. For HF calculations on Na 2 + the replacement of the fully optimized cores by frozen cores from free Na + ions increases the bond-length by less than 0.01 Å only. On the other hand, the neglect of core-valence correlation leads to a calculated bond length that is too large by 0.12 Å. 2, 4 (iii) Unfortunately, the new results for Na 2 + by KSch do not even qualify as estimates of the non-frozen-core effects at the HF level. To support this statement let us consider two properties discussed in Ref. 1, viz., the bond-length and the vibrational frequency. The HF frozen-core bondlength error of 0.3 Å (8%) for Na 2 + reported in their paper is more than an order of magnitude larger than the one obtained in HF all-electron calculations with atomically frozen cores (0.01 Å, see above). From Fig. 4 If coupled with a decrease of bond energy, an increase in bond-length normally results in a decreased vibrational frequency. Surprisingly, KSch report and defend an almost 10% increase in their FCA vibrational frequency as compared to their full HF value. According to KSch this was to be "expected given that the FCA overestimates the attraction of electrons to the center of the molecular bond."
1 High quality all-electron HF calculations compared to the corresponding FCA results show, however, that the vibrational frequency is practically unaffected on the respective levels of theory. Therefore, the reported 10% increase in frequency appears to be an artifact.
14, 15 Altogether KSch obtain FCA shifts in bond dissociation energy, bond-length, and vibrational frequency that disagree with those of other calculations, and appear to lack internal consistency. 14, 15 The reasons for the failures of a FCA type superposition of the atomic Phillips-Kleinman (PK) pseudopotentials 16 for molecular Na 2 + are not entirely clear so far. KSch transform their pseudopotentials into a local form, independent of the angular momentum. Although large errors are well known to arise by using such local pseudopotentials in general, they work relatively well for Na. However, problems might arise from using finite basis sets for the pointwise determination of the local pseudopotentials, as mentioned by KSch in Ref. 1 . Additional problems may be caused by their use of non-norm-conserving PK pseudo-orbitals, whose valence densities are reduced with respect to the all-electron case. The concomitant errors are well documented in the literature for the many-electron case. 17, 18 In the one-valence-electron case, the long-range bonding will be weakened if the atomic pseudo-orbital tails decay too fast. The general point is, however, that the above failures are hardly, if at all, connected to the coordinatedependent molecular changes of the Na core orbitals.
Summarizing our comments here, the new method of KSch is unfortunately hampered by inconsistencies. Neglecting previous work on core-polarization potentials, the KSch pseudopotential treatment of non-frozen-core effects suffers from partial error compensation between gross overestimation at the HF level and neglect of core-valence correlation. At the HF level, the inaccuracies of the order of 10%, attributed to the frozen-core approximation by KSch, seem to be mainly due to superposing non-norm-conserving atomic pseudopotentials. In fact, the HF potential-energy curve of Na 2 + is satisfactorily (to <1%) reproduced both at the frozen-core all-electron HF level and with frozen-core norm-conserving pseudopotentials without any molecular adjustment. By construction, the new coordinate-dependent KSch pseudopotential for Na 2 + also reproduces the all-electron HF potentialenergy curve for Na 2 + . However, the tails of the density of the valence orbital are still reduced with respect to the allelectron case. Therefore, similar norm conservation errors, as here documented for the atomic KSch pseudopotentials, are likely to arise with the new coordinate-dependent KSch pseudopotential in applications to other systems/states than just the ground-state potential-energy curve of gas-phase Na 2 + .
